Differences in the acoustic variables of whistles emitted by Indo-Pacific humpback dolphins (Sousa chinensis) from two coastal locations along western Peninsular Malaysia were investigated. Duration, frequency, and frequency modulation variables were extracted from and used to characterize recordings of free-ranging humpback dolphins that were made using a broadband towed hydrophone. A total of 960 whistles from Matang Mangroves and 823 whistles from Langkawi Island were used in analyses. The whistles of Malaysian humpback dolphins covered frequencies from 1231 to 27 120 Hz with durations from 0.010-1.575 s. Significant multivariate differences were found in whistles emitted between locations. Significant differences were also found between dolphins of the two locations in their whistle duration, frequency modulation, and all frequency variables except for minimum frequency, which is likely under morphological constraints. The differences in whistles may be related to adaptations to the local acoustic habitat or unique whistles may have developed due to social interactions within each location, or broader scale differences resulting from geographic separation between the locations.
I. INTRODUCTION
Delphinids rely heavily on sound as a means to communicate and to sense their environment (Thomson and Richardson, 1995) , and exhibit great plasticity in the production of sounds, including echolocation clicks and whistles (May-Collado, 2010) . Whistles are continuous, narrowband, frequency-modulated sounds that are primarily used in communication with conspecifics (Thomson and Richardson, 1995) . Geographic variation in whistles of coastal delphinids has been studied for a number of species including the tucuxi, Sotalia fluviatilis (Azevedo and Van Sluys, 2005) , Guiana dolphin, S. guianensis (Rossi-Santos and Podos, 2006) , Indo-Pacific bottlenose dolphin, Tursiops aduncus (Morisaka et al., 2005a; Hawkins, 2010) , common bottlenose dolphin, T. truncatus (Wang et al., 1995a; Baz uaDur an, 2004; May-Collado and Wartzok, 2008) , and spinner dolphin, Stenella longirostris (Baz ua-Dur an and Au, 2002; Baz ua-Dur an, 2004; Baz ua-Dur an and Au, 2004) . It is important to understand variation in the whistles of delphinids because acoustic variation in other taxa (e.g., birds) and other cetaceans has provided insights into dispersal capabilities (e.g., Beecher et al., 1996) , genetic divergence and isolation among groups (e.g., Ford, 1991) , and adaptation to ecological conditions (e.g., Boncoraglio and Saino, 2007) . Therefore, sound may be an important auxiliary tool to better understand relationships between continuously distributed populations where genetic or morphological characters may not always reveal relationships clearly, or where such data are lacking.
The Indo-Pacific humpback dolphin (Sousa chinensis) occurs in the nearshore, coastal, and estuarine waters in the eastern Indian and western Pacific oceans (Jefferson and Rosenbaum, 2014) . Indo-Pacific humpback dolphins occur in East Malaysia and Peninsular Malaysia, being frequently found in areas with mangroves (Jaaman, 2010; Minton et al., 2011; Ponnampalam and Jamal Hisne, 2011; Ponnampalam, 2012; Kuit et al., 2014) . The species is listed as "Near Threatened" on the IUCN Red List of Threatened Species, however with the recent taxonomic revision of the genus (Jefferson and Rosenbaum, 2014) , a new assessment of this species is being proposed. In Malaysia, humpback dolphins a) Electronic mail: jordanhoffman30@gmail.com are protected by the Fisheries Act 1985 (Part VI Aquatic Mammals), under which it is illegal to hunt, harass, trade, kill, keep, and consume them. Zbinden et al. (1977) presented the first acoustic study of Indian Ocean humpback dolphins (now recognized as S. plumbea, see Jefferson and Rosenbaum, 2014) where whistles of dolphins in the Indus Delta region were described qualitatively, with only estimates of frequency range and duration. Later studies presented quantitative descriptions of the whistle repertoires of the newly recognized Australian humpback dolphin (S. sahulensis) in eastern Australian waters (Schultz and Corkeron, 1994; Van Parijs and Corkeron, 2001; Soto et al., 2014) , Atlantic humpback dolphins (S. teuszii) in Angolan waters (Weir, 2010) , IndoPacific humpback dolphins (S. chinensis) of the Pearl River Estuary (Sims et al., 2012a) and southern Chinese waters (Wang et al., 2013) , where whistles were found to range widely in frequency and structure between these areas. Some of the above studies presented limited information (e.g., Zbinden et al., 1977; Sims et al., 2012a) or were limited by the upper frequency limit of their recording equipment (e.g., Schultz and Corkeron, 1994; Van Parijs and Corkeron, 2001) .
In this paper, we describe and compare the whistle characteristics of Indo-Pacific humpback dolphins from two locations along the western seaboard of Peninsular Malaysia (Langkawi archipelago and Matang mangroves), which are separated by a linear distance of approximately 200 km. Photo-identification of individuals from these locations revealed no common individuals between these areas. This study provides the first quantitative investigation of the differences in whistles of humpback dolphins from two locations in Malaysia's coastal waters.
II. MATERIALS AND METHODS

A. Study areas
Two areas along western Peninsular Malaysia were chosen as sampling sites for this study based on ongoing dolphin research by L.S.P. and S.H.K. The first study site was the Matang mangroves and adjacent coastal waters (henceforth referred to as Matang) in the state of Perak while the second study site was the Langkawi archipelago (henceforth referred to as Langkawi) in the state of Kedah (Fig. 1) .
The Matang mangroves comprise a complex of interconnected estuarine and shallow coastal waters (<5 m in depth), with extensive tidal-influenced mudflats, and serve as one of the most important fisheries areas in Malaysia. Langkawi is a cluster of 104 tropical islands with mangroves, sandy beaches, rocky outcrops and shallow (<10 m in depth) and sheltered interconnected waterways. Langkawi also experiences higher levels of vessel traffic compared to Matang, including traffic from recreational vessels and high-speed ferries. These islands are separated from the mainland by a deeper channel, but which does not exceed 18 m in depth. The south and western coasts of the main island opens out to deeper waters that can be up to approximately 50 m in depth.
B. Field methodology
Opportunistic recordings were made in calm weather when dolphins were sighted and appeared to be approachable. Recordings were made during boat-based surveys conducted in the waters of both Matang and Langkawi in March 2014. As part of a larger survey study in Matang, search for humpback dolphins (and other cetaceans) followed preset transect lines over the estuarine and coastal waters from Kuala Gula in the north to Kuala Jarum Mas in the south. Search effort for humpback dolphins in Langkawi did not follow transect lines but instead focused on the eastern waters of the island, which is an area of known dolphin occurrence (see Ponnampalam and Jamal Hisne, 2011) . When a sighting of the humpback dolphin was made, the research vessel proceeded slowly to approach the dolphin(s) and a compact towed hydrophone system was deployed. Recordings were started when dolphin sounds (e.g., clicks, burst-pulses, and whistles) were heard and stopped when dolphin sounds were not detected for more than approximately 10 min. The observers' best estimate of the number of dolphins and their behavioral states (e.g., feeding, milling, travelling) as defined by Shane (1990) and Parra (2005) were also recorded for each sighting.
All surveys were made from a 10 m fibreglass-hulled boat with one 115 horse-power outboard engine. Recordings using the compact towed hydrophone equipment were typically made by towing the hydrophone approximately 10 m behind the vessel while moving 3-6 km h À1 , however recordings were sometimes made while drifting with the engine in neutral when dolphins approached or were near (<20 m away) the vessel. To minimize disturbing dolphin groups we always attempted to ensure dolphins were astern of the vessel and avoided steering directly into dolphins groups. The towed hydrophone was generally not deployed when the water was too shallow (<5 m) to avoid getting the hydrophone caught on the bottom and was not deployed greater than 10 m behind the vessel for the same reason. Dolphins travelling away from the research vessel or were not in close proximity were not recorded, as such groups would likely not have produced strong enough signals to be detected by the hydrophone.
The compact towed hydrophone equipment used to record dolphin whistles comprised a Burns Electronics hydrophone (model CR80-40, Burns Electronics, Nelson Bay, Australia; sensitivity: À166 dB 6 5 dB re 1 V/lPa; linear frequency range: 7 Hz-80 kHz) with a high pass filter that was contained within an oil-filled soft plastic tube. The towed hydrophone was connected by a 20 m reinforced cable to a conditioning amplifier (model HP-A1, Burns Electronics, Nelson Bay, Australia; 12 dB/octave band pass filter; high pass: 800 Hz; low pass: 18 kHz), which was set to have a low-pass filter because vessel or water flow noise was evident as the vessel was moving. The entire towed hydrophone system was connected to a compact recorder (model H1, Zoom North America, New York, USA). Recordings were made at a 24-bit, 192 kHz sampling rate in Broadcast Wave Format.
C. Whistle analyses
Whistles were analyzed digitally using Raven Pro 1.5 (Cornell Lab of Ornithology, Ithaca, NY). Whistles were detected aurally during play back of recordings while simultaneously viewing the spectrograms (smoothing window: Hanning; fast Fourier transform (FFT): 1024; hop size: 10-11 ms; FFT window overlap: 50%; frequency range: 0-48 kHz). Acoustic variables (duration, minimum frequency, maximum frequency, frequency range, start frequency, end frequency) were measured from the spectrograms (see Table I ) using the "selections" tool. The number of inflection points, where the frequency changed from rising to falling or falling to rising, was counted on spectrograms. The senior author scored the quality of the recorded whistles on a scale from 1 (poor) to 4 (excellent) based on the ability to identify the contour and the signal-to-noise ratio. Quality 1 whistles were detectable aurally, but had a weak signal-to-noise ratio that prevented reliable detection on spectrograms. Quality 2 whistles were detectable both aurally and visually on spectrograms, but had an intermediate signal-to-noise ratio that made determinations of contour shapes of whistles on spectrograms unreliable. Quality 3 whistles were detectable both aurally and visually on spectrograms, and had a strong signal-to-noise ratio that facilitated reliable determination of contour shapes (Fig. 2) . Quality 4 whistles were detectable both aurally and visually on spectrograms, and had very clear contour shapes due to the very high signal-to-noise ratio (Fig. 2 ). An independent scorer, experienced in analyzing spectrograms also rated the quality of whistles based on the same criteria. To minimize the inclusion of unreliable whistles in the analyses, any whistle that was scored as quality 1 or 2 by either the senior author or the independent scorer was excluded from the analyses. The independent scorer classified whistles from the senior author's (J.M.H) quality 3 or 4 whistles (i.e., whistles used in analyses) at a percentage of 98.3%.
To make comparisons to a recent study of Indo-Pacific humpback dolphins (Wang et al., 2013) , where similar acoustic variables were measured using a hydrophone capable of recording the full known range of humpback dolphin whistles, we calculated the percentage of "chirps" [arbitrarily defined as whistles with a mean duration <0.3 s (Driscoll, 1995) ] and ultrasonic whistles (whistles above >20 kHz). We also compared the percentage of whistles that were complex (i.e., possessing >1 inflection point) between the dolphins from Matang and Langkawi. 
D. Statistical analyses
The duration and frequency variables did not meet the assumptions for parametric tests, so a non-parametric permutational MANOVA (Anderson, 2001 ) was used to investigate the variations in whistles between and within sites using all whistle characteristics. The permutational MANOVA partitions dissimilarities for the sources of variation and provides a test statistic that is a multivariate analogue to Fisher's Fratio. The permutational MANOVA model was run with 1000 permutations. We applied the Wilcoxon rank sum test to evaluate if the distributions of each acoustic variable differed between the dolphins of the two locations. All statistical analyses were performed with the R statistical software (R Development Core Team, 2015).
III. RESULTS
A. Study effort and sighting details
Eight recordings, totaling 2 h 21 min 42 s, with humpback dolphin whistles detected were made in Matang. Recordings varied in length from 1 min 48 s to 43 min 54 s. Six recordings, totaling 3 h 4 min, with humpback dolphin whistles detected were made in Langkawi. Recordings varied in length from 1 min 45 s to 57 min 1 s. The number of whistles of quality 3 or 4 that were used in the present analyses was 960 and 823 from Matang and Langkawi, respectively (Table II) . In this study, dolphins exhibited a range of behavioral states (including feeding, milling, and surface active), and the best estimate of group size varied from 3 to 31 individuals (Table II) .
B. Whistle diversity between locations
Humpback dolphins produced whistles with frequency ranges from 3033 to 23 210 Hz in the waters of Matang and from 1231 to 27 120 Hz in the waters of Langkawi (Table III) . Humpback dolphins from Matang produced whistles with higher mean end (12 062 6 4052 Hz and 10 297 6 2897 Hz for Matang and Langkawi, respectively), minimum (8846 6 3349 Hz and 8480 6 2825 Hz for Matang and Langkawi, respectively), and maximum (13 418 6 3759 Hz and 11 876 6 3121 for Matang and Langkawi, respectively) frequencies and a greater frequency range (4572 6 3039 Hz and 3396 6 2730 Hz for Matang and Langkawi, respectively) compared to Langkawi (Table III) . Whistles were on average shorter in Langkawi (0.167 6 0.158 s) compared to Matang (0.227 6 0.220 s; Table III ). Humpback dolphins in the waters of Matang and Langkawi had similar mean levels of frequency modulation (1.1 6 1.5 inflection points and 1.1 6 1.3 inflection points for Matang and Langkawi, respectively; Table III ).
The non-parametric Wilcoxon rank sum test indicated there was a significant difference in the distributions of duration (n ¼ 1783, W ¼ 468161, p < 0.01), number of inflection points (n ¼ 1783, W ¼ 353265, p < 0.01) and all of the frequencyrelated variables (start frequency n ¼ 1783, W ¼ 366425, Whistles of humpback dolphins from both Matang and Langkawi had mean durations less than 0.3 s (0.227 6 0.220 s and 0.167 6 0.158 s, respectively). Chirps accounted for 75% of whistles from Matang and 83% of whistles from Langkawi. Both groups of dolphins produced whistles in the ultrasonic frequency range, which accounted for 4% of all whistles from dolphins of Matang and 1% of all whistles from dolphins of Langkawi. The occurrence of complex whistles were similar between the Matang and Langkawi dolphins with 22% and 21% of whistles having a complex contour, respectively.
IV. DISCUSSION
Intraspecific variation in whistle duration has been found to be high within delphinid populations (Rendell et al., 1999) , but also between and among populations (Wang et al., 1995a; Baz ua-Dur an and Au, 2004) . The Malaysian humpback dolphins exhibited a range of behavioral states and group sizes, both of which may have influenced the acoustic variables of the whistles produced. Variation in the duration of whistles has been associated with both group size and behavioral state in spinner dolphins (Baz ua-Dur an and Au, 2002; May-Collado and Wartzok, 2008) . In this study, we found a difference in the whistle repertoires of humpback dolphins from two locations in western Peninsular Malaysia. Differences were found in all acoustic variables examined, except for minimum frequency, which is likely under morphological constraints related to body size (i.e., the size of the sound producing organ) (May-Collado et al., 2007) .
Broad differences in odontocete whistles between conspecifics are likely to be influenced by local adaptations to a combination of factors such as acoustic habitat differences (Morisaka et al., 2005b; May-Collado and Wartzok, 2008; Papale et al., 2015) and ecological conditions (May-Collado and Wartzok, 2008; Papale et al., 2013) . Additionally variation in frequency variables has been linked to noise levels in the acoustic habitat (Wang et al., 1995a; Ansmann et al., 2007; May-Collado and Wartzok, 2008) . The habitat in the waters of Matang is shallower than Langkawi and has a lower level of vessel traffic compared to Langkawi. Matang dolphins produced significantly higher frequency whistles than that of Langkawi dolphins, an indication that habitat differences may have an influence on sound transmission between the two areas. As such, adaptations may be made to maximize the transmission of whistles in a given environment (see Boncoraglio and Saino, 2007) , such as increasing or decreasing of whistle frequencies where ambient noise is high (Morisaka et al., 2005b; Papale et al., 2015) . Given the amount of vessel traffic in the waters of Langkawi, and the potential for vessels such as ferries to overlap with the audible range of dolphins (Sims et al., 2012b) , it may be important to determine if the dolphins in that area modulate the frequencies and/or amplitude of their whistles to avoid or overcome potential masking by vessel noise. Although some broad differences may be influenced by separation distance and subsequent isolation of groups (e.g., Wang et al., 1995a; Azevedo and Van Sluys, 2005; Papale et al., 2013) , this is not always the case with all groups of delphinids (Azevedo and Van Sluys, 2005; May-Collado and Wartzok, 2008) . While Matang and Langkawi are separated by a distance of 200 km, which is generally greater than the home range patterns of other humpback dolphins (Hung and Jefferson, 2004) , dolphins are known to exist in the waters between Matang and Langkawi (Nadarajah, 2000; Rajamani et al., 2014) . Differentiation of whistles between Matang and Langkawi may be the result of isolation by geographic distance, and a resulting lack of exchange and social interactions of individuals between these two locations. Ongoing studies on ranging patterns and impending studies on genetics of the humpback dolphins that inhabit the waters between Matang and Langkawi may provide further insight into the level of separation between these two locations.
The duration of whistles of dolphins from both Matang and Langkawi was less than that reported by Wang et al. (2013) for humpback dolphins in Sanniang Bay, China (0.370 6 0.286 s). This study also reported more chirps in the repertoire of the Malaysian humpback dolphins compared to those of Sanniang Bay (48.6%). Baz ua-Dur an and Au (2002) observed fewer chirps (accounting for 40% of whistles) for spinner dolphins compared to this study and Wang et al. (2013) for humpback dolphins. The Malaysian humpback dolphins in the current study produced whistles with a maximum frequency that was between 24 kHz [for dolphins found in Hong Kong waters of the Pearl River Estuary population (Sims et al., 2012a) ] and 33 kHz [for those in Sanniang Bay (Wang et al., 2013) ]. Humpback dolphins in both Langkawi and Sanniang Bay (Wang et al., 2013) had very few whistles in the ultrasonic range (1% and 1.3%, respectively), while those from Matang produced more than three times (4%) as many ultrasonic frequency whistles as those of Langkawi and Sanniang Bay. Ultrasonic whistles are likely rarely used as using lower frequency whistles would maximize signal broadcast and minimize degradation when dolphins are communicating (Boncoraglio and Saino, 2007) . The usage of chirps and ultrasonic whistles by humpback dolphins may represent regional differences in whistle repertoires or interspecific differences between other delphinids.
The proportion of complex whistles, measured by tonal modulation, were similar between the dolphins of Matang and Langkawi but both were greater than that found by Wang et al. (2013) for the dolphins of Sanniang Bay (0.6 6 1.0 inflection points). The tonal modulation also had the highest coefficients of variation compared to frequency parameters in this study and was comparable to the results of Wang et al. (2013) . Variation in tonal modulation may indicate emotional information, presence of prey, or danger (Wang et al., 1995a,b) such as the presence of vessels (MayCollado and Wartzok, 2008) . Producing complex whistles may also aid in individual differentiation among conspecifics (Steiner, 1981; Wang et al., 1995b) and has been attributed to high variability among individuals in a study of T. aduncus in Japan (Morisaka et al., 2005a) .
Pseudoreplication of whistles may affect results in studies of delphinid whistles, especially if the same individuals are sampled multiple times or if studies relied on one or two sightings. Although the current study was not a long-term study of humpback dolphin sounds in the waters of Matang and Langkawi, the same individuals were not continuously sampled as we recorded over a number of days in the field during which time subgroups surrounding the hydrophone were highly fluid and changed behavioral states and sizes during recording periods. Photo identification records during humpback dolphin sightings showed only one resighting of a single individual in Matang and no resightings of individuals in Langkawi. Tests on intra-site variation also showed significant differences between groups recorded in each location. Therefore, in order to produce a more definitive study on inter-site differences, group size and behaviour states must be eliminated as possible confounding factors to the results observed in the present study. More sampling and comparisons of dolphins in various group size and behavioural states in both Matang and Langkawi are needed to achieve such a study. We had the intention of analyzing various factors influencing whistle variation in this study, but unfortunately our data sheets were stolen on the way back from the field.
The recording equipment used in some of the past studies on humpback dolphins limited comparisons between studies and the ability to capture the full range of humpback dolphin whistles (i.e., varying from below 1 kHz to above 30 kHz). Further research comparing humpback dolphin whistles across the geographical range of the genus will aid in our understanding of the influence of geographical separation and acoustic habitat.
Malaysian coastal waters are heavily used by various sectors of the human economy, including shipping, oil and gas, fishing, coastal development and tourism. The topic of underwater noise and its effects on small cetaceans has garnered wide research attention globally (W€ ursig and Greene, 2002; Ng and Leung, 2003; Jefferson et al., 2009; Bailey et al., 2010; Rako et al., 2013) , although to a lesser extent within Southeast Asia. The results presented here could serve as baseline data for developing future work on the acoustics of humpback dolphins in Malaysia, and in assessing the impacts of underwater noise on these and other cetaceans.
V. CONCLUSIONS
We suggest the factors promoting whistle variation between dolphins of Matang and Langkawi may be related to adaptations to the local acoustic habitat or unique whistles characteristics developing due to social interactions among dolphins within each location, and broad scale differences resulting from geographic separation between locations. This study reported the first description and comparison of humpback dolphin whistles in Malaysian waters and has shown the importance of using broadband recording equipment when making comparisons of whistles among groups of delphinids where fundamental frequencies of whistles extend into the ultrasonic frequency range.
